Background: The purpose of the present study was to evaluate a programme of lesion surgery 14
paramount (Nuttin et al. 2014) . 48
49
Over the last decade deep brain stimulation (DBS), first developed for pain, later mainly for 50 movement disorders and then for OCD, has emerged as a possible invasive treatment for depression 51 (Mayberg et al. 2005) . The main DBS target sites for treating psychiatric disorders have been in the 52 anterior limb of the internal capsule, nucleus accumbens, subgenual cingulate gyrus and the medial 53 forebrain bundle (MFB) (Schlaepfer et al. 2013) . Most studies of DBS for depression have reported 54 responder rates between 50-60% and remission rates around 35%. However, lack of control 55 conditions in the studies published so far, limited follow-up and a number of surgical and psychiatric 56 side effects need to be taken into consideration when evaluating the clinical scope of this method 57 (Schlaepfer et al. 2014; Kocabicak et al. 2015) . 58 59 The other surgical approach is based on stereotactic lesions to key components of the cortical-60
Patients were discharged back to the care of the referring psychiatrist 1-2 weeks after surgery and 104 followed up clinically at one, three, six months and one year where possible and some (9 patients) 105 up to 6 years for clinical assessment. Psychometric assessment was carried out in most cases 106 between 6 and 12 months after surgery. 107
Here we report on the audit and clinical follow-up of this capsulotomy programme. Because of the 108 nature of the evaluation, the local Research and Development Office confirmed that this study was 109 exempt from ethical approval. 110
111

Staging of treatment resistant depression: 112
All patients who underwent surgery were diagnosed as treatment-resistant by the clinical team. For 113 this study we applied the Maudsley staging method which was used to determine the level of 114 treatment resistance. This method takes into consideration the duration of the presenting 115 depressive episode, symptom severity and treatment failures (Table 1) . 116 117
Surgical procedure: 118
All patients were operated at the UHW by neurosurgeon BAS. Under general anaesthesia and with a 119
Leksell stereotactic frame applied, computerised tomographic (CT) guidance located the targets in 120 the anterior limbs of the internal capsules. Anatomical variation/asymmetry required bespoke 121 coordinates. These were based on the foramen of Monro -posterior commissure (FMPC) plane. Via 122 twist-drill holes, a stack of three (two in the first four cases) radiofrequency-generated 123 thermocoagulative lesions was made bilaterally at a single operation. Electrode tip 4mm x 1·6mm; 124 each lesion 75 degrees C (first 12 cases) or 80 degrees C (later cases) for 60 seconds (40 seconds in 125 the first seven cases). The 12mm column of targets was centred on the middle third (in the axial 126 plane) of the anterior limb of the internal capsule. The depth was increased during the series: in the 127 later cases the deepest target was 12mm below FMPC, 5mm deeper than in the early cases. This 128 would have been approximately 4 to 7mm below the anterior commissure (AC) level (the relation to 129 AC was not specifically recorded). 130
Second Operations: 131
Eleven of the 45 patients (of whom six are included in the psychometric analysis group; see 132 Statistical Analysis) had a second operation. All of them had initially experienced post-operative 133 improvement in their depression but this was lost, typically after approximately six to eight weeks. 134
This may reflect the effects of perilesional oedema and neuropraxia and their subsequent resolution. 135
In these 11 cases magnetic resonance (MR) scanning at six months post-operatively indicated one or 136 more lesions, on one or both sides, to be significantly smaller than the others or even not visible, 137
emphasised by any left-right asymmetry. These lesions were then enlarged at a second operation 138 after obtaining MHAC approval. 139
140
Clinical imaging: 141
All patients underwent CT scanning approximately one week post-operatively for an initial 142 assessment of lesion position, reactive oedema and any haemorrhage. Clinical MRI (T1 and T2 143 sequences) was performed at six months follow-up (Fig. 1) . 144
145
Clinical and Cognitive Measures: 146
Pre-and post-surgical data were available on the BDI, Montgomery Asberg Depression Rating Scale 147 (MADRS) and Beck Anxiety Inventory (BAI) for subgroups of patients (see Table 2 The time of post-surgery psychometric follow-up varied for the measures. Follow-up MADRS 162 evaluations were performed between from one year and 4 years after surgery (except for 3 patients 163 who had follow-up of 3-6 months). Post-surgery BDI scores were from 3-6 months for half of the 164 patients and > 6 months follow-up for the other half of the patients. Follow-up of the other cognitive 165 measures varied from 3 months to >1 year. 166
For patients who had undergone a second operation where BDI pre and post-surgery scores were 167 available (four patients) the later scores were used in the analysis. 168
The outcome measures were analysed using the SPSS statistical package (IBM SPSS Statistics Version 169 20). For all measures we computed % change from pre to post surgery and confidence intervals 170 (Table 2) . We also carried out a paired samples t-test on the outcome measures to determine any 171 statistically significant change in the group as a consequence of surgery. 172
173
RESULTS:
The Maudsley treatment resistant staging shows that all patients were categorised as having 175 moderately to severely treatment-resistant depression (Table 1) . It is likely that our retrospective 176 staging process underestimated the severity of treatment resistance because information on 177 duration of current episode and medication treatment was incomplete for the patients classified as 178 moderately treatment resistant. 179
We compared the duration of illness and age at time of surgery between the patients with and 180 without psychometric measures using an independent samples t test. There was no difference in 181 the duration of illness (t (43) = -.94; p = .35) although those without psychometric measures were 182 older at the time of surgery (t (43) = -2.03; p = .05). As shown in Even for the thirty patients for whom we had the psychometric files, data are in some cases 188
incomplete. This was due to difficulties in motivating them to attend to the full battery of tests. 189
Patients often requested testing to be terminated resulting in incomplete acquisition of data. This subgroup of 24 patients incorporated a stepwise increase in lesion depth. Initially, one lesion 201 was placed 5mm above the FM-PC plane and two deep to it. However, over time the lesions were 202 placed more deeply; in the later cases the highest was on the FM-PC plane, one 6mm below and one 203 12mm below. Of the last 10 patients (those with the deepest lesion sites), improvement by more 204 than 75% was seen after one operation in six; in the first 10 (those with the highest lesion sites) this 205 occurred in one after one operation, and subsequently in two more following a second operation. 206
We regard this as anecdotal evidence for an effect of lesion depth although our data do not allow for 207 a more formal investigation of a relationship between lesion depth and clinical improvement. 208
The BAI, available pre-and post-surgery for 13 patients, showed an improvement of 49% which was 209 significant (t (12) = -3.27, p = .007) ( Table 2) . 210
Neuropsychological outcomes: 211
Measures of executive functions, memory, concentration and attention showed no significant 212 change after surgery except for a small decline of digit span but very few patients (N= 5) were 213 included in the digit span analysis (Table 2) . 214
Adverse events (Table 3) (Table 4) . 231
232
DISCUSSION: 233
The clinical outcome data from the capsulotomy series show considerable improvement of 234 depression and anxiety symptoms in this group of patients with otherwise treatment-refractory 235 depression. We found an improvement of 20 points on the BDI, which is similar to, or even larger 236 than, the effects commonly observed for ECT (Feliu et al. 2008) which is regarded to be the most 237 effective antidepressant treatment. It is thus remarkable that we found these antidepressant 238 benefits from capsulotomy in the present sample of patients who had been refractory to ECT. 239 Importantly, anxiety symptoms improved to a similar extent. Anecdotally, increasing lesion depth 240 improved the outcomes. 241
The profile of intra-and post-operative side effects was relatively favourable. There were no surgical 242 deaths and no motor or sensory deficits. One patient had focal seizures transiently, controlled with 243 medication. This incidence of seizures was similar to that reported after implantation of DBS 244 electrodes (Pouratian et al. 2011) . One patient experienced transient extrapyramidal features. The 245 only infection, in a patient with diabetes, was superficial. Transient post-operative confusion and 246 urinary incontinence were relatively common. We did not detect deterioration in executive 247 functions, attention and concentration or memory functions on formal psychometric testing, but 248 cannot rule out changes in other cognitive domains (Dalgleish et al. 2004) . Some patients reported 249
fatigue, memory problems and lack of motivation, which had also been commonly reported 250 problems in previous studies of psychiatric surgery. Although we did not have formal long-term 251 follow-up data, the relatively high rate of memory complaints at the follow-up phone interviews 252 suggests that cognitive deficits may develop late. 253
Anhedonia, the core symptom of inability to experience pleasure, may be linked to a dysregulation 254 of networks of the reward system including the MFB and the anterior thalamic radiation (ATR). Both 
Methods: 465
Diffusion Tensor Imaging (DTI): 466
Data were acquired on a clinical GE Medical System 1·5 Tesla scanner with the following parameters: 467 24 diffusion encoding directions with a b-value of 1000 s/mm2, 1B0 image without diffusion 468 weighting, 30 slices, voxel size 2x2x5 mm. Pre and post diffusion-MRI data were available for three 469
patients. 470
Imaging Analysis: 471 Data were pre-processed and analysed using the software package ExploreDTI (Leemans et al. 2009) . 472
Regions of interest of connection pathways were chosen from the automated anatomical labelling 473 (AAL) atlas (Tzourio-Mazoyer et al. 2002) , implemented in ExploreDTI (Leemans et al. 2009 ). We 474 hypothesized the thalamo-orbitofrontal cortex (OFC) connection pathway to be interrupted by the 475 operation. For reconstruction of this pathway the thalamus and Brodmann areas 10 and 11 were 476 chosen as seed regions. The thalamo-primary motor cortex (PMC) connection was reconstructed as a 477 comparison tract which we did not expect to be affected by the operation. These two connection 478 pathways were separately reconstructed for individual pre-surgical and post-surgical datasets. 479 In all pre-surgery DTI scans both bilateral thalamo-OFC connection pathways travelling through the 487 anterior limb in the internal capsule and bilateral thalamo-PMC pathways running through the 488 cortico-spinal tract could be identified reliably. 489
In the post-operative DTI scans in one participant no fibres connecting thalamus and OFC could be 490 identified (row 1, Figure 1B) . In two participants DTI-fibre-tracking revealed sparse unilateral 491 connection pathways between the OFC and the thalamus running through the external capsule (row 492 2 and row 3, Figure 1B ). These fibres had not been reconstructed before the operation. Bilateral 493 thalamo-PMC connections remained unchanged in comparison to the pre-operative DTI scan. 494
Discussion 495
At present diffusion MRI is the only available method for in vivo reconstruction of fibre pathways 496 and thus offers unique opportunities in psychiatric surgery and stimulation studies. Our DTI-fibre 497 tracking results support the assumption that pathways connecting the thalamus and OFC have been 498 successfully interrupted. DTI fibre tracking results of the thalamo-PMC comparison pathway 499 remained unchanged after the operation, indicating that the surgical intervention had no effect on 500 more posterior thalamo-cortical connections. 501
We suggest that DTI-fibre tracking will find more widespread use in future applications of psychiatric 502 surgery. It may be used to reconstruct pathways before the operation and serve as guidance to 503 specifically modulate pathways of interest; postoperative DTI-fibre tracking may validate surgery 504 outcome; follow-up studies could link the lesioning of specific pathways to treatment outcome and 505 side effects. This may contribute to the development of more specific and less invasive surgery, 506 potentially being associated with fewer side effects. DTI-based tractography has already informed 507 new protocols for DBS (Coenen et al. 2011) and is being used to localize stimulation targets 508 (Schlaepfer et al. 2013) . 509
